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Abstract 
In this paper we introduce a simple and scalable method to produce micrometer sized 
‘Janus’ disks whose rim is coated half with platinum/palladium and half with gold. The 
disks pinned upright to the air/liquid interface disks exhibit self-propulsion of ∼100 µm/s 
when submerged in H2O2 solution, due to the catalytic growth of oxygen bubbles at the 
disks upper (platinum/palladium-coated) rim.  The disks exhibit two different travel 
trajectories, linear and rotary, depending on the bubble growth position, and are propelled 
via two different mechanisms, the bubble growth and the bubble burst. The displacement 
speed due to the bubble burst is three orders of magnitude larger than from the bubble 
growth process, whereas displacement distances are of similar order of magnitude for 
both processes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Introduction 
Nature uses self-propulsion to move objects from one place to another in a specific 
direction, for example towards sources of food. The size of natural self-propelling objects 
ranges from tens of meters  (whales and elephants) to few microns  (bacteria).  There are, 
however, no nature made self-propelling particles in the nanometer range simply because 
the energy cost to overcome viscous drag at this scale is too large (Berg (1983), Berg 
(2004), Purcell (1977)).  In contrast to this the size of man-made self-propelling particles 
has continuously been decreased over the last decade, starting from the first self-
propelled objects of centimeter and millimeter scale (Ismagilov et al., 2002), to few 
nanometer long rods (Paxton et al. (2004); Fournier-Bidoz et al. (2005)).  Recently there 
has been a vast increase in the number of studies on the topic of self-propulsion, with 
particles of various shapes, sizes and propelling mechanisms. Large-scale objects on the 
millimeter and centimeter scale were studied by Whiteside’s group (Ismagilov et al. 
2002) who used a bubble recoil/detachment mechanism for self-propulsion driven by 
oxygen bubbles produced on a platinum catalyst in hydrogen peroxide solution. 
Hayashima et al. (2002) studied self-propelling millimeter sized camphanic acid disks at 
air/water interface. Recently Velev et al. used miniature semiconductor diodes to propel 
millimeter sized floating rafts using electric filed induce electro-osmotic flow (Chang et 
al. (2007)). Apart from the above few studies on large objects most of the work in 
literature currently focuses on nanoscale particles (Ebbens and Howse (2010)). The 
challenge to produce self-propelling nanomotors increases with decreasing length scale as 
they have to generate sufficient forces to overcome viscous drag (Berg (1983), Berg 
(2004), Purcell (1977)). In spite of these difficulties many researcher have produced 
nano- and micro-particles that can self- propel, examples are bimetallic nanorods  
(Paxton et al. (2004), Fournier-Bidoz et al. (2005), Reddy et al. (2013)), half platinum 
coated spheres (Howse et al. (2007)), rolled up microtubes  (Solovev et al. (2009)), 
flexible artificial flagellum (Dreyfus et al. (2005)) or chiral colloidal propellers (Ghosh 
and Fischer (2009)). The above mentioned particles use a variety of self-propelling 
mechanisms such as bubble recoil/detachment  (Ismagilov et al. (2002); Vicario et al. 
(2005), Stock et al. (2008), Gibbs and Zhao (2009)) bubble collapse (Manjare et al. 
(2012)), electro-osmosis (Chang et al. (2007)), self electrophoresis  (Paxton et al. (2004), 
Fournier-Bidoz et al. (2005), Mano and Heller (2005), Wang et al. (2006)), self-
diffusiophoresis (Golestanian et al. (2005), Howse et al. (2007)) and flagella motion 
(Dreyfus et al. (2005)). However, most of the synthesis procedures are laborious and 
difficult to scale up in terms of number of particles produced. 
 
So far only few methods have been introduced to produce self-propelling disks.   All of 
these utilize solely disks pinned flat to the liquid/air interface  (Ismagilov et al. (2002), 
Hayashima et al. (2002), Nakata et al. (2006), Nakata and Murakami (2010)).   
Whiteside’s group used polydimethylsiloxane  (PDMS) plates of 1-2 mm thickness and 9 
mm diameter to which small a piece of platinum covered porous glass filter was attached 
at the bottom  (Ismagilov et al. (2002)). The PDMS sheets were placed on a liquid/air 
interface such that the platinum covered glass filter was immersed in the liquid  (1-3 % 
H2O2   solution).   In another case camphanic acid disks were floated on a phosphate 
buffer solution where the propulsion was caused by a small dissolution of camphanic acid 
into the bulk (Hayashima et al. (2002)). 
 
In this paper we investigate for the first time the self-propulsion of micro-disks pinned 
upright at a liquid/air interface.  The propulsion mechanism is based on catalytic 
conversion of H2O2 to water and oxygen by platinum/palladium (Pt/Pd) alloy and gold 
(Au) (Ismagilov et al. (2002), Stock et al. (2008), Gibbs and Zhao (2009)), and the 
upright disks are driven by oxygen bubble growth on the disks inside the liquid and their 
burst upon contact with the liquid/air interface.  The synthesis of the disks is based on a 
simple method to produce ‘Janus’ rods that self-propel in the direction perpendicular to 
their long axis (Reddy et al. (2013)). Extending this technique we demonstrate in this 
paper the synthesis of ‘Janus’ micro-disks based on a precise microtome cutting.   The 
design suggested here can be used to obtain self-propelling disks whose diameter can 
range from few micrometers to hundreds of micrometers and their thickness from few 
nanometers to few micrometers. The amount of self-propelling particles produced by this 
method is easily scalable to study the self-propulsion at larger particle concentrations. 
 
 
Materials and methods 
Micro-disks were fabricated by slicing aligned micro-rods using a microtome.  The 
material used for the rod was human hair as an ubiquous and readily available material 
with reproducible dimensions. The diameter of a human hair ranges from 50 - 100 µm 
and decreases linearly from the stem to the tip.  For the current synthesis 1.5 cm from the 
central part of a 50 cm long hair has been selected to obtain a narrow diameter 
distribution of ∼100 ± 10µm. The procedure for preparing the micro-disks is shown in 
Figure 1. The rods were aligned and fixed onto a rigid polymer sheet as shown in Figure 
1.a. The open spacing in the center of the polymer sheet gave access to both sides of the 
rods surface.  The aligned rods were sputter coated on one side with platinum/palladium 
(Pt/Pd) alloy and on the other side with gold (Au) using a sputter coater  (Q150T, 
Quorum Technologies Ltd, UK), thus creating ‘Janus’ micro-rods with metal layers of 5 
nm thickness as described in Reddy et al.  (2013).  The aligned bi-metal coated rods were 
subsequently placed in water and frozen before microtoming with a sliding microtome  
(Reichert, Austria).  Via this approach Janus micro-disks with a thickness of 20 µm, 
coated on one half with Pt/Pd and on the other half with Au, were sliced out of the rods 
(Figure 1.b).  It should be noted that this procedure locates the metallic coating not on the 
micro-disks faces but on the disks rim (Figure 1.a). 
 
Self-propulsion experiments were carried out in a closed glass bottom culture dish 
(MatTeck corporation, USA). A small number of micro-disks were added to a 20 wt.% 
hydrogen peroxide (H2O2) solution (CHEM-LAB, NV, Belgium) and their movement 
was observed in the surface plane with an inverted microscope (IX71, Oympus, USA) 
and perpendicular to the surface plane with a high-speed CMOS camera (FASTCAM 
SA2, Photron, San Diego, CA) equipped with a home-build long working distance 
microscopic objective. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: a) Schematic representation showing the ‘Janus’ disk preparation procedure.  b) 
‘Janus’ disks obtained after microtoming with approximately 100 µm diameter and 
slightly elliptical shapes. 
 
 
 
 
Results 
The micro-disks when placed in water lie initially flat on the bottom of the container 
since their average density is greater than that of water (see Figure 1.b). In H2O2   
solution the micro-disks surface coated with Pt catalyses the conversion of 2H2O2 → 
2H2O + O2.   At low reactant concentrations the dominant mechanism for propulsion 
from this reaction has been reported to result from self-diffusiophoresis (Reddy et al. 
(2013)) due to the combined catalytic effect of Pt and Au.   
However, in case that the rate of generation of oxygen becomes larger than the rate of 
diffusion into the solution, oxygen bubbles begin to grow on the micro-disks (see movies 
in the supplementary information).  In this case the rate of oxygen generation is  
controlled by the available surface of the Pt catalyst. As the oxygen bubbles grow the 
micro-disks first tilt upright due to buoyancy such that their equatorial axis is 
perpendicular to the bottom glass plate and the liquid/air interface (see Figure 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:  Sequence of images (side view) showing the self-propulsion of ‘Janus’ disks in 
20 wt% H2O2 solution at the liquid/air interface.  The images are separated by time 
intervals of 2.2 s for clarity.  The propulsion inducing a) linear and b) rotational motion is 
due to one and two oxygen bubbles created on the ‘Janus’ disks rim inside the H2O2 
solution that are bursting when they come in contact with liquid/air interface. 
 
 
 
 
Subsequently the bubbles lift the upright micro-disk to the air/liquid interface. This 
process pins only a part of the Pt/Pd covered disks rim to the air/liquid interface, leaving 
the rest of the upright disks surface inside the liquid phase.  Once the disks rim is pinned 
to the interface two mechanisms are involved in its propulsion, oxygen bubble growth 
and burst.  For the current study care was taken to avoid processes such as bacterial 
propulsion or convection that cause an apparent self-propelling.  As the micro-disks 
produced here have a diameter of 100 µm the above erroneous processes as well as 
Brownian motion can be neglected (Dunderdale et al. (2012)).  
The first propulsion mechanism is based on a displacement of the disk due to bubble 
growth.  During the bubble growth process, smaller oxygen bubbles are being generated 
on the portion of the rim inside the liquid that is coated with Pt.  The smaller bubbles 
coalesce to form bigger bubbles that are still pinned to the disks rim and are fully 
immersed in the liquid phase (see Figure 2 and schematic in Figure 3).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Schematic showing the forces acting on the micro-disk during self-propulsion at 
the air/liquid interface. The forward propulsion is due to asymmetric distribution of the 
oxygen bubble growth and burst. The drag on the self-propelling micro-disk is arising 
from the bulk liquid and the air/liquid interface. 
 
 
As the oxygen bubble grows it pushes the disk away from the bubbles center thus 
propelling it to one side in a continuous motion. The second propulsion mechanism that 
follows the initial bubble growth is based on the burst of the bubble that occurs when the 
growing bubble eventually touches the air/liquid interface.  In the oxygen bubble burst 
process the shock wave generated after the burst propels the disk away from the center of 
the bubble, causing ballistic propulsion.  The bubble burst at the liquid/air interface 
contact has been studied extensively in literature (Bird et al. (2010), Liger et al. (2012)). 
The bubble burst mechanism is preceded by the bubble protruding out of the interface 
into the gas phase causing the liquid film on the hemispherical bubble to drain.  The 
pressure inside the bubble is greater than the surrounding atmosphere due to bubbles 
curvature. Next a hole nucleates at the thinnest part of the film causing the liquid film to 
retract. The sudden depression forming at the interface bubbles former location generates 
a traveling shock wave at the interface.  This traveling liquid wave propels the disk away 
from the original bubble location.  The depression also causes other phenomenon such as 
the formation of daughter droplets and vertical jets depending on the Reynolds number, 
Re = ρrU/µ and the capillary number, Ca = Uµ/γ, where ρ is the liquid density, r is the 
bubble radius, U is the speed of liquid film retracting after bubble burst,  µ is the liquid 
viscosity and γ is the surface tension between liquid and air (Bird et al. (2010)). The 
formation of daughter droplets that are ejected into the air is also visible in the movies 
(see supplementary information, M4-M5). 
 
 
In principle there are two stable configurations possible for the bubbles pinned to the 
disk, which will result in two different propulsion trajectories.  The first configuration is 
with the bubbles attached to the width of the rim, resulting in a linear trajectory (Figure 
2.a).  Although in principle each bubble burst results in a sudden acceleration, for most 
self-propelling disks there are several smaller bubbles growing at the rim that burst at 
different time intervals and cause an apparent continuous motion. The average velocity 
for micro-disks propelled linear by oxygen bubbles bursting at the liquid/air interface is ∼ 
100 µm/s  (Figure 2.a and movie M1). The forces acting on the linearly self-propelling 
micro-disks are shown schematically in Figure 3.  The micro-disk in Figure 2.a is self-
propelled by an asymmetric distribution of the bubbles at the rim, resulting in a net force 
propelling the disk in one direction.  The forces resisting this motion are caused by drag 
exerted on the micro-disk by the liquid and the contact to the liquid/air interface.  The 
bulk of the micro-disk is inside the liquid and therefore this viscous drag is estimated to 
be larger than the drag from the liquid/air interface, which acts, only on the pinned part of 
the disk. The drag force on the disk moving at 100 µm/s can be calculated by neglecting 
the drag from the pinned part of the disk at the liquid/air interface.  The viscous drag 
force on a disk moving perpendicular to the short axis of the disk is given by Fdrag = 
0.5ρCDv2A, where ρ the density of the liquid, CD the drag coefficient, v and A are the 
velocity and total area of the disk. The drag coefficient of a disk facing the flow direction 
with its rim can be calculated for low Reynolds numbers from CD = 64(1 + Re/2π)/πRe = 
3045 (Clift et al. (1978)), where Re = deUρ/µ, with de = (6a2H)1/3 the effective diameter 
of an equivalent sphere, where a is the radius and H the thickness of the disk. For the 
present case with an effective disk area of A = 1.4 x 10−8 m2 we have Re = 0.0067.  The 
drag force on the micro-disk that is overcome by the bubble propulsion is thus 21 x 10−9 
N. 
 
The second stable configuration for growing bubbles leads to a rotary trajectory of the 
disk. In this case the bubble is still in contact to the edge of the catalysing disks rim, but 
mainly pinned to the side of the disk (Figure 2.b).  The side pinning is promoted by a) a 
light deviation of the fibers from the cylindrical shape and b) a slight edge deformation 
resulting from the microtoming such that they protrude out (Figure 1.b and Figure 4). 
Similar to the linear travel the net force leading to the rotation of the disks seen in Figure 
4 is caused by an asymmetric distribution of the growth and burst of bubbles as shown in 
Figure 4.a for the case of two bubbles and Figure 4.b for a single bubble. A coupling of 
the two stable configurations of growing bubbles from the edge of the disk’s rim as well 
as from the disk’s side leads to rotation coupled with a small amount of linear motion.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Sequence of images (bottom view), showing the rotational motion of ‘Janus’ 
disks in 20 wt% H2O2 solution.  The images are separated by a time interval of 1.1 s for 
clarity.  a) Propulsion of ‘Janus’ disk by oxygen bubbles growing on opposite sides of the 
disk, b) a single oxygen bubble growing only on one side of the disks edge.  Movies of 
the rotating disks shown here (taken at a frame rate of 9 frames/s) are provided in the 
supplementary information  (M4-M5). 
 
 
 
The observed average angular velocity of the micro-disk propelled by two opposing 
bubbles is ∼2π rad/s.  The data obtained by tracking this rotational motion of the disks is 
plotted in Figure 5.  Again similar to the linear travel the combined effects of several 
bubble bursting at infrequent intervals imparts a smooth rotational torque on the disk, and 
leads to an apparently continuous motion as seen in Figure 5.a. A quantitative analysis 
and separation of the two propulsion mechanism is possible for the case of a single 
growing bubble as depicted in Figure 4.b and a clear separation of an initially smooth and 
continuous motion during the bubble growth process and a sudden ballistic motion 
immediately after the burst is observed.  The resulting angular displacement profile can 
be seen in Figure 5.b. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Angular displacement of ‘Janus’ disks in radians as a function of time due to a) 
propulsion by two bubbles at the opposite ends of the disk and b) propulsion by one 
bubble.  We can clearly see the smooth rotation in the case of propulsion by two 
opposing bubbles and an abrupt motion in the case of propulsion by one bubble. 
 
 
 
 
For the case of a single growing bubble the initially several small bubbles quickly 
coalesce into a single one that always growths from the same pinning point on the disk’s 
rim.  The disk is pushed to the side by the expanding bubble that occupies the space 
previously taken by the disk. This causes the disk to self-propel at the speed of the 
oxygen bubble growth as shown in Figure 6.a. The angular displacement of the disk in 
Figure 5.b due to the bubble growth is approximately equal to the radius of the growing 
bubble over the distance of the pinning point to the rotational axis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: a) Snapshots of bubble growth at time t = 0 ms and just before bubble burst  (t = 
2000 ms). b) Oxygen bubble growth process plotted as normalized bubble radius as a 
function of time. The filled symbols are experimental data and the line is a power law fit.  
Also shown is the 95% confidence band for the power law fit. 
 
 
 
The bubble growth process follows a power law scaling, with Rgrowth = atn (Figure 6.b). 
The power law exponent for the bubble growth data obtained from Figure 6.b is n = 0.44. 
The exponent for the bubble growth depends on the growth process and varies between 
0.33 to 0.50 (Thorncroft et al. (1998)). An exponent of n = 0.33 is observed for an energy 
depletion mechanism, whereas n = 0.5 is seen for a diffusion controlled growth.  The 
observed value from the fit of the data in Figure 6.b of n = 0.44 indicates a mixed bubble 
growth mechanism with a dominant diffusion control. The average propulsion velocity 
over a single bubble growth cycle of 3 µm/s  (resulting for the current case in an average 
angular velocity of 0.25 rad/s) is slow in comparison to the subsequent burst propulsion.  
Figure 7 shows a sequence of two images of a micro-disk before and after bubble burst.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Two consecutive images of the bubble burst process, showing the bubble just 
before the bubble burst and immediately after the burst.  The time interval between the 
images is 111 ms. 
 
 
 
The direction of the displacement due to the bubble burst is the same as that for the 
bubble growth process. The time interval between the two frames is 111 ms, indicating 
that the bubble burst process takes less than this time scale. Recently the time for the 
burst process of a gas bubble upon gas/liquid interface contact was detected to be around 
10 ms using a high-speed camera (Manjare et al. (2012)). The velocity of the disk due to 
the oxygen bubble burst of ∼350 µm/s  (Figure 8.b) is much faster than that originating 
from the bubble growth.  However, the displacement (∼80 µm, Figure 8.a) is of similar 
order of magnitude compared to the bubble growth process. 
 
 
Conclusions 
We have shown a simple and scalable method to produce ‘Janus’ micro-disks whose rims 
are coated with platinum/palladium and gold. Ehen placed in H2O2 solution these disks of 
∼100 µm diameter and 10 µm thickness are lifted to the air/liquid interface by buoyancy 
due to the catalytic growth of oxygen bubbles at the disks upper (Pt/Pd-coated) rim.  The 
disks are pinned upright with their rim to the liquid/air interface.  The disks are propelled 
via two different mechanisms, the bubble growth and the burst.  During oxygen bubble 
growth, the disks are propelled smoothly and the displacement is approximately equal to 
the radius of the oxygen bubble size. After the oxygen bubble bursts the disks are 
propelled ballistically. The displacement speed due to the bubble burst is three orders of 
magnitude larger than from the bubble growth process, whereas average displacement 
distances per time are of similar order of magnitude for both processes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: a) Distance travelled by the ‘Janus’ disks due to oxygen bubble growth and 
burst processes, for the propulsion due to bubble growth on the side of the disk.  b) Same 
data as in (a) showing the propulsion speed. 
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